I. INTRODUCTION
Spectral efficiency is an important parameter for designing wireless communication systems. Orthogonal frequencydivision multiplexing (OFDM) achieves high spectral efficiency and has robustness against the intersymbol interference (ISI) caused by channel multipath. One major drawback of the OFDM is the high peak-to-average power ratio (PAR) of the transmitting signals [1] . To reduce the PAR and improve the spectral efficiency and bit-error rate (BER), parallel combinatory OFDM (PC-OFDM) [2] using the technique of PC signaling [3] , [4] was proposed. High-compaction multicarrier modulation (HC-MCM) has also been proposed to improve the spectral efficiency of the OFDM at the expense of BER performance [5] . The HC-MCM transmits a truncated version of the OFDM signal. Therefore, amplitude discontinuities between two successive signal waveforms appear and result in unnecessary bandwidth spread.
On the other hand, parallel combinatory HC-MCM (PC/HC-MCM) has been proposed to improve the BER performance and to reduce the PAR of the HC-MCM [6] . The PC/HC-MCM signals still contain the problem of amplitude discontinuities, as in the HC-MCM. Therefore, it is expected that the unnecessary bandwidth spread can be reduced in the PC/HC-MCM by avoiding the amplitude gaps.
In the present paper, we propose continuous-phase PC/HC-MCM (CPPC/HC-MCM) using the technique of continuous phase modulation (CPM) [7] , [8] and demonstrate that the proposed CPPC/HC-MCM improves the spectral efficiency of the PC/HC-MCM and results in an improvement of the BER performance at a fixed value of spectral efficiency.
The remainder of the present paper is organized as follows. In Section II, the PC-OFDM and PC/HC-MCM are introduced. In Section III, CPPC/HC-MCM is proposed, and the model of CPPC/HC-MCM signals, the transmitter, and the receiver are introduced. In Section IV, the spectral efficiency and the BER performance of the proposed CPPC/HC-MCM are evaluated. The paper is concluded in Section V.
II. PC/HC-MCM

A. Parallel Combinatory OFDM
PC-OFDM is an OFDM that conveys message data with parallel combinatory (PC) signaling together with an ordinary M -ary amplitude and phase shift keying (M -APSK).
Let M c be the total number of preassigned all carriers, and let M p be the number of carriers selected for the PC signaling. In this case, the number of message data bits per PC-OFDM signal, m total [bits] , is represented as
where m apsk [bits] is the number of message data bits mapped into M -ary APSK constellations of M p carriers, given by
and m pc [bits] is the number of message data bits encoded into one of the prescribed sets of M p carriers, that is,
· is an operator that denotes "the largest integer that is smaller than or equal to" the operand.
The PC-OFDM signals are modeled as
where 
B. PC/HC-MCM
PC/HC-MCM is categorized into two systems: modulated or unmodulated PC/HC-MCM. The modulated PC/HC-MCM transmits a truncated PC-OFDM signal, and the unmodulated PC/HC-MCM transmits a truncated PC-OFDM signal without the M -ary ASK modulation. Thus, the PC/HC-MCM signal can be modeled as
where T < 1/Δf .
In the present paper, we consider the unmodulated PC/HC-MCM to bring out a favorable property the PC/HC-MCM inherently contains. Therefore, hereafter we simply refer to the unmodulated PC/HC-MCM as the PC/HC-MCM. 
III. CPPC/HC-MCM
A. CPPC/HC-MCM Signal and Its Transmitter
To aroid the gap of amplitudes between two successive PC/HC-MCM signals, we employ the phase modulation in the CPPC/HC-MCM.
Let A = {k ∈ N | 1 k M c } be the set of indices of all preassigned carriers, and let B (n) = {b
be the subset of A, which is a set of indices of carriers used for the PC signaling in nT t < (n + 1)T . Without loss of generality, we assume that b
For this case, the PC/HC-MCM signal, given by (6), can be rewritten as
The CPPC/HC-MCM signal is given by
where ζ
) are the complex-valued phase rotators and are recursively defined as
We assume that ζ
Note that the PC/HC-MCM signals, given by (7), can be represented by ζ
(n) for all n) as a special case of CPPC/HC-MCM signals. Figure 2 shows the IDFT-based transmitter for the CPPC/HC-MCM. At the transmitter, m pc data bits are S/P converted and mapped into the corresponding combination of carriers by a PC mapper. After the PC mapping, the phase rotators rotate the phase of carriers according the rule given by (9) . Undefined phase rotators ζ
(n) ) can be chosen to be zero in Fig. 2 .
B. Receiver
In the present paper, we adopt maximum likelihood (ML) detection in the frequency domain to recover the message data P/S Mapper To reduce the complexity required for the ML detection, the value of 1/ΔfT is chosen to be an integer in the CPPC/HC-MCM. In this case, the complexity for the ML detection increases by a factor of 2 1/ΔfT in comparison with the PC/HC-MCM. 
IV. PERFORMANCE OF CPPC/HC-MCM
For the performance evaluation, we assume the Gray code mapping as the PC mapper. One example for Table I .
A. Bandwidth
There are several definitions for the bandwidth of signals [9] . Popular measures are half-power bandwidth, null-to-null bandwidth, root mean square (RMS) bandwidth, and fractional power bandwidth. In the present paper, we discuss the fractional power bandwidth of the CPPC/HC-MCM signals, which we define as 99% power containment using 2 15 -point DFT. The results are shown in Fig. 4 . 
B. Spectral Efficiency
Let us define the spectral efficiency η of CPPC/HC-MCM as
where W 99% denotes the 99% bandwidth. Figure 5 shows the characteristics of the spectral efficiency for PC/HC-MCM (dashed lines) and CPPC/HC-MCM (solid lines) as a function of frequency spacing Δf . Figure 5 shows that the CPPC/HC-MCM achieves higher spectral efficiency than the PC/HC-MCM. Note that the spectral efficiency of the PC/HC-MCM for 
C. Simulated BER Performance
We give performance comparisons between the CPPC/HC-MCM and PC/HC-MCM. Figure 6 shows the characteristics of BER vs spectral efficiency η. The specifications of simulations are listed in Table II . It is observed from Fig. 6 that the CPPC/HC-MCM provides us with about 40% gain in spectral efficiency for η 0.33 and about 20% loss for η 0.33 under the given conditions.
Next we show the characteristics of BER vs E b /N 0 at an identical value of spectral efficiency of η ≈ 0.33 in Fig. 7 . The simulation parameters are listed in Table II . For CPPC/HC-MCM, we choose M p = 4 that achieves the highest spectral efficiency. Figure 7 shows the proposed CPPC/HC-MCM achieves BER = 10 −3 at E b /N 0 ≈ 9.7 dB, whereas the PC/HC-MCM requires V. CONCLUSION In the present paper, we proposed CPPC/HC-MCM and evaluated the spectral efficiency and BER performance. The 99 percent bandwidth criterion was considered. As a result, it was shown that the proposed CPPC/HC-MCM provides better BER performance for large SNR at a common spectral efficiency less than 0.33.
